Introduction
============

Hepatocellular carcinoma (HCC), a lethal disease affecting millions of people worldwide, is the second leading cause of cancer-related death ([@b1-or-38-02-0843]). Patients with HCC in late stage have poor prognosis, with the 5-year survival rate less than 40% ([@b2-or-38-02-0843]). The main reason for the poor survival rate is the occurrence of local and distal metastasis of HCC. Currently, the molecular mechanisms for HCC metastasis largely remain unknown. Investigating the mechanisms of HCC metastasis is important for improving the prognosis of HCC patients.

MicroRNAs (miRNAs) have been found to be important regulators of various biological processes and human diseases ([@b3-or-38-02-0843]--[@b6-or-38-02-0843]). They have been confirmed as critical players in the progression processes of human cancers including HCC ([@b7-or-38-02-0843],[@b8-or-38-02-0843]). Numerous studies showed that miRNAs were abnormally expressed in HCC tissues, and were found to affect the growth, metastasis and drug resistance of HCC cells ([@b9-or-38-02-0843],[@b10-or-38-02-0843]). In addition, miRNAs have been regarded as promising biomarkers and treatment targets of HCC ([@b11-or-38-02-0843]).

Among numerous cancer-related diseases, miR-345 is a newly identified cancer-related miRNA. Its expression was decreased in NSCLC tissues and associated with poor prognosis of NSCLC patients ([@b12-or-38-02-0843]). Study of prostate cancer showed that miR-345 inhibited Smad1 and suppressed the growth and metastasis of prostate cancer ([@b13-or-38-02-0843]). In pancreatic cancer, miR-345 inhibited the apoptosis of cancer cells ([@b14-or-38-02-0843]). However, the role of miR-345 in HCC has not been reported.

The present study found that miR-345 expression was decreased in HCC tissues. Decreased expression of miR-345 was related with poor prognosis and unfavorable clinicopathological features of HCC patients. Through the overexpression and knockdown experiments, miR-345 was confirmed to inhibit the migration and metastasis of HCC cells. *In vivo* experiments showed that miR-345 could inhibit the lung metastasis of HCC cells in nude mice. Moreover, we demonstrated that YAP1 was the downstream target of miR-345 in HCC cells. Targeting YAP1 was required for the biological functions of miR-345 in HCC cells.

Materials and methods
=====================

### Clinical tissues

HCC tissues and matched adjacent non-tumor tissues were collected from HCC patients who received surgical treatment in the Department of Hepatobiliary Surgery in Southwest Hospital of the Third Military Medical University during 2004 and 2012. All these patients had pathologically confirmed HCC. The clinical samples from these HCC patients were kept at −80°C immediately after the surgical resection. Ethics protocol for experiments involving HCC patient samples was approved by the Institutional Research Ethics Committee of Department of Hepatobiliary Surgery in Southwest Hospital of the Third Military Medical University. The demographic and clinicopathological data of 85 patients are shown in [Table I](#tI-or-38-02-0843){ref-type="table"}.

### Cell culture of HCC cells

HCC cell lines including Hep3B, Huh7, MHCC-97H and immortalized human hepatocyte LO2 were from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). HCC cells were cultured in Dulbeccos modified Eagles medium (DMEM; Gibco, Grand Island, NY, USA) along with 10% fetal bovine serum (10%) (FBS; Gibco). Cultured HCC cells were kept at 37°C in a cell incubator in humidified atmosphere with 5% CO~2~.

### Transfection of HCC cells

miR-345 mimic (HmiR0210-MR03; GeneCopoeia, Inc., Guangzhou, China) and control vector (CmiR0001-MR03; GeneCopoeia) were transfected into MHCC-97H cells while miR-345 inhibitor (HmiR-AN0437-AM01; GeneCopoeia) and negative control vector (CmiR-AN0001-SN; GeneCopoeia) were transfected into Hep3B cells. YAP1 overexpression plasmid and the control plasmid were transfected into Hep3B cells overexpressing miR-345 while YAP1 siRNA and scramble siRNA were transfected into MHCC-97H cells with miR-345 knockdown. Cell transfection of HCC cells were carried out in 6-well plates with Lipofectamine 2000 (Invitrogen, Waltham, MA, USA). Cells after transfection were collected for western blot analysis, qRT-PCR, would healing assay, Transwell assay and *in vivo* experiments.

### Quantitative real-time reverse transcription-PCR (qRT-PCR)

RNA was extracted from clinical tissues and HCC cells with TRIZol and RNeasy Mini kit (Qiagen). Reverse transcription reactions and quantitative real-time PCR were performed for these ectracted RNA with the Transcriptional First Strand cDNA Synthesis kit and SYBR-Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). Primers for miR-345 and U6 were obtained from GeneCopoeia. U6 was used as the internal controls for miR-345.

### Western blot analysis

The protein from HCC tissues and HCC cells were extracted with RIPA buffer and subjected to concentration measurements before loading into the 4--20% SDS-PAGE gels. After gel running, the separated proteins in SDS-PAGE gels were transferred to polyvinylidene fluoridemembrane. These membranes were incubated with antibodies of YAP1 (1:1,000; Cell Signaling Technology, Danvers, MA, USA) and GAPDH (1:2,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4°C. After incubating with secondary antibodies (1:3,000; Santa Cruz Biotechnology), the protein signals were detected using ECL reagents (Amersham Biosciences Corp., Piscataway, NJ, USA).

### Transwell assays

Transwell assays were performed to evaluate the migration and invasion ability of HCC cells. Generally, HCC were suspended in 200 µl basal DMEM and seeded into the upper chamber. The lower chambers were filled with 600 µl DMEM with 20% FBS as chemoattrant. Forty-eight hours later, HCC cells migrated or invaded through the transwell membranes were stained with crystal violet. The numbers of the migrated or invaded HCC cells were counted.

### Luciferase assay

3-UTR of YAP1 containing the binding sequence for miR-345 or the mutated 3-UTR of YAP1 was used to construct the wild-type YAP1-3UTR or mutant YAP1-3UTR, respectively. HCC cells in 12-well plates were transfected with wild-type or mutant 3′-UTR of YAP1 along with miR-345 mimic or inhibitor. After co-transfection, the luciferase activity for the wild-type or mutant YAP1 3-UTR was measured through luciferase reporter assay (Promega, Madison, WI, USA).

### In vivo metastasis assay

To evaluate *in vivo* metastatic capacity of HCC cells, we performed tail vein injection in nude mice. HCC cells transfected with negative control vector or miR-345 inhibitor were injected into nude mice through tail veins. H&E staining was performed for the lungs of nude mice 8 weeks after tail vein injection. All animal experiments were approved by the Animal Care Committee of the Third Military Medical University.

### Statistical analysis

The data are shown as the mean ± standard error (SE) and the statistical analysis was performed with the GraphPad. Students t-test, Chi-square, correlation analysis and Kaplan-Meier analysis were used in the present study. P\<0.05 was regarded as statistically significant.

Results
=======

### The expression of miR-345 is reduced in HCC tissues and cells

Eighty pairs of clinical tissues were collected to determine miR-345 expression level in HCC. qRT-PCR showed that HCC tissues had significantly decreased expression level of miR-345 compared with the matched non-tumor tissues (P\<0.01; [Fig. 1A](#f1-or-38-02-0843){ref-type="fig"}). For patients with metastasis, the level of miR-345 was significantly lower than that in those without metastasis. Furthermore, compared with patients in TNM stage of I--II, those in TNM stage of III--IV had significantly reduced level of miR-345. Lastly, we evaluated the expression level of miR-345 in HCC cell lines. Compared with that in LO2 cells, the level of miR-345 in HCC cell lines was significantly reduced (P\<0.01; [Fig. 1D](#f1-or-38-02-0843){ref-type="fig"}).

### Patients with low miR-345 level had relatively poor clinicopathological features and prognosis

Then, we examined whether decreased miR-345 level was associated with the clinicopathological features and prognosis of HCC patients. As shown in [Table I](#tI-or-38-02-0843){ref-type="table"}, decreased miR-345 level was associated with metastasis (P\<0.01) and TNM stage (P\<0.01) of HCC patients. Furthermore, we performed survival analysis for miR-345. Patients with low level of miR-345 had in Kaplan-Meier analysis relatively lower level of miR-345 and significantly decreased rate of overall survival ([Fig. 2A](#f2-or-38-02-0843){ref-type="fig"}; P\<0.01) and disease-free survival ([Fig. 2B](#f2-or-38-02-0843){ref-type="fig"}; P\<0.01).

### miR-345 inhibits the metastatic ability of HCC cells in vitro

As shown in [Fig. 1D](#f1-or-38-02-0843){ref-type="fig"}, among all HCC cells, Hep3B cells had the highest level of miR-345 while MHCC-97H cells had the lowest level of miR-345. We performed overexpression of miR-345 in MHCC-97H cells and knockdown of miR-345 in Hep3B cells. As shown in [Fig. 3A](#f3-or-38-02-0843){ref-type="fig"}, miR-345 mimic significantly increased the level of miR-345 in MHCC-97H cells (P\<0.05; [Fig. 3A](#f3-or-38-02-0843){ref-type="fig"}). Subsequently, overexpression of miR-345 reduced the migration (P\<0.05; [Fig. 3B](#f3-or-38-02-0843){ref-type="fig"}) and invasion of MHCC-97H cells, as suggested by wound healing assay and Transwell assay. On the contrary, miR-345 inhibitor significantly reduced miR-345 level in Hep3B cells (P\<0.05; [Fig. 4A](#f4-or-38-02-0843){ref-type="fig"}), and led to increased migration (P\<0.05; [Fig. 4B](#f4-or-38-02-0843){ref-type="fig"}) and invasion (P\<0.05; [Fig. 4C](#f4-or-38-02-0843){ref-type="fig"}) of Hep3B cells.

### miR-345 inhibits the lung metastasis of HCC cells in nude mice

To further confirm the *in vitro* effects of miR-345 on the metastatic behavior of GC cells, we performed tail vein injection experiments. As shown in [Fig. 5A](#f5-or-38-02-0843){ref-type="fig"}, overexpression of miR-345 inhibited the metastatic ability of MHCC-97H cells (P\<0.05; [Fig. 5A](#f5-or-38-02-0843){ref-type="fig"}), and the number of metastatic nodules in the lung of nude mice was significantly reduced in miR-345 overexpression group (P\<0.05; [Fig. 5B](#f5-or-38-02-0843){ref-type="fig"}). On the other hand, knockdown of miR-345 promoted the lung metastasis of Hep3B cells and increased lung metastatic nodules in nude mice (P\<0.05; [Fig. 5C and D](#f5-or-38-02-0843){ref-type="fig"}).

### YAP1 is the downstream target of miR-345 in GC cells

To further elucidate the underlying mechanisms for the biological functions of miR-345, we used online database to search for the downstream target of miR-345. Among numerous predicted downstream targets, YAP1 is an attractive one since YAP1 is a well-known oncogenic protein in HCC ([@b15-or-38-02-0843],[@b16-or-38-02-0843]). 3-UTR of YAP1 contained the binding sequences for miR-345 as shown in [Fig. 6A](#f6-or-38-02-0843){ref-type="fig"}. Then, we performed luciferase assay to evaluate whether miR-345 could interact with the 3-UTR of YAP1. Overexpression of miR-345 significantly reduced the luciferase activity of wild-type YAP1 3-UTR (P\<0.05; [Fig. 6B](#f6-or-38-02-0843){ref-type="fig"}) but had no effect on that of mutant YAP1 3-UTR. In addition, inhibition of miR-345 increased the luciferase activity of wild-type YAP1 3-UTR (P\<0.05; [Fig. 6B](#f6-or-38-02-0843){ref-type="fig"}) but had no effect on that of mutant YAP1 3-UTR, indicating that miR-345 can interact with YAP1 3-UTR through the binding sequences. Furthermore, overexpression of miR-345 inhibited the expression of YAP1 in MHCC-97H cells (P\<0.05; [Fig. 6C](#f6-or-38-02-0843){ref-type="fig"}). In addition, inhibition of miR-345 significantly enhanced the expression of YAP1 in Hep3B cells (P\<0.05; [Fig. 6D](#f6-or-38-02-0843){ref-type="fig"}).

### YAP1 is critical for the biological functions of miR-345 in HCC

After demonstrating that YAP1 was under the regulation of miR-345 in HCC, we further investigated whether YAP1 could mediate the biological function of miR-345 in HCC. YAP1 overexpression vector significantly increased YAP1 expression in MHCC-97H cells overexpressing miR-345 (P\<0.05; [Fig. 7A](#f7-or-38-02-0843){ref-type="fig"}). Overexpression of YAP1 in MHCC-97H cells overexpressing miR-345 abrogated the inhibitory effect of miR-345 overexpression on migration (P\<0.05; [Fig. 7B](#f7-or-38-02-0843){ref-type="fig"}) and invasion (P\<0.05; [Fig. 7C](#f7-or-38-02-0843){ref-type="fig"}) of MHCC-97H cells. YAP1 specific siRNA significantly reduced the YAP1 expression in Hep3B cells with miR-345 knockdown (P\<0.05; [Fig. 8A](#f8-or-38-02-0843){ref-type="fig"}). Knockdown of YAP1 in Hep3B cells with miR-345 knockdown prevented the promoting effects of miR-345 inhibition on the migration (P\<0.05; [Fig. 8B](#f8-or-38-02-0843){ref-type="fig"}) and invasion (P\<0.05; [Fig. 8C](#f8-or-38-02-0843){ref-type="fig"}) of Hep3B cells.

Discussion
==========

Molecular mechanisms are under intensive investigation to identify novel therapeutic targets for cancer treatment. miRNAs are a group of critical players in the development and progression of human cancers ([@b5-or-38-02-0843],[@b7-or-38-02-0843],[@b8-or-38-02-0843],[@b17-or-38-02-0843]--[@b19-or-38-02-0843]). Numerous studies have confirmed that miRNAs were actively involved in the metastatic processes of cancer cells ([@b8-or-38-02-0843]).

Among numerous miRNAs, miR-345 has been identified as a promising tumor associated miRNA. In NSCLC ([@b12-or-38-02-0843]), prostate ([@b13-or-38-02-0843]) and pancreatic cancer ([@b14-or-38-02-0843]), miR-345 played tumor suppressive roles by affecting apoptosis, proliferation and metastasis. However, miR-345 was found to play oncogenic role in rectal cancer by regulating drug resistance ([@b20-or-38-02-0843]). In the present study, we found that miR-345 was decreased in HCC tissues and cell lines. Decreased miR-345 expression was associated with the poor prognosis of HCC patients. Both *in vitro* functional assays and *in vivo* experiments demonstrated that miR-345 inhibited the migration and invasion of HCC cells. The above indicate that miR-345 played a tumor suppressive role in HCC by regulating cell migration and invasion. miR-345 can potentially serve as a promising biomarker for HCC.

YAP1 is a well-known oncogenic protein in human cancer ([@b21-or-38-02-0843]). In HCC, YAP1 was found to be overexpressed and could promote the growth and metastasis of HCC cells ([@b22-or-38-02-0843]). In the present study, we confirmed that YAP1 was the downstream target of miR-345 supported by the data of luciferase assay and western blot analysis. Furthermore, YAP1 overexpression could abrogate the inhibitory effects of miR-345 on the HCC cell migration and invasion while YAP1 knockdown reversed the promoting effect of miR-345 inhibition on HCC cells migration and invasion, indicating that YAP1 was not only the downstream target of miR-345 but also the mediator of the biological functions of miR-345 in HCC.

In summary, the present study demonstrated that miR-345 was decreased in HCC tissues and cell lines. Decreased level of miR-345 was associated with decreased survival rate of HCC patients. miR-345 was found to reduce the migration and invasion ability of HCC cell both *in vitro* and *in vivo*. Moreover, we found for the first time that YAP1 was the downstream target of miR-345 in HCC. Inhibition of YAP1 was required for the inhibitory effects of miR-345 on the migration and invasion of HCC cells.

![miR-345 expression level is decreased in HCC and associated with poor clinicopathological features. (A) miR-345 expression was decreased in HCC tissues (N 87) compared with the adjacent non-tumor tissues (N=87). (B) miR-345 expression was significantly lower in patients with metastasis than that in patients without metastasis. (C) miR-345 expression was significantly lower in patients of TNM I--II than that in patients of TNM III--IV. (D) The expression of miR-345 was decreased in HCC cell lines (Hep3B, Huh7 and MHCC-97H) compared with LO2 cells; n=3. T-test was performed for statistical analysis. \*P\<0.05.](OR-38-02-0843-g00){#f1-or-38-02-0843}

![miR-345 is associated with poor survival of HCC patients. (A) HCC patients with low level of miR-345 had significantly decreased overall survival rate. (B) HCC patients with low level of miR-345 had significantly decreased disease-free survival rate.](OR-38-02-0843-g01){#f2-or-38-02-0843}

![Overexpression of miR-345 inhibits the migration and invasion of MHCC-97H cells. (A) Transfection of miR-345 mimic into MHCC-97H cells significantly increased the cellular level of miR-345. (B) Overexpression of miR-345 significantly reduced the migration of MHCC-97H cells. (C) Overexpression of miR-345 significantly reduced the invasion of MHCC-97H cells; n=3. T-test was performed for statistical analysis. \*P\<0.05.](OR-38-02-0843-g02){#f3-or-38-02-0843}

![Knockdown of miR-345 promotes the migration and invasion of Hep3B cells. (A) Transfection of miR-345 inhibitor into Hep3B cells significantly decreased the cellular level of miR-345. (B) Inhibition of miR-345 significantly increased the migration of Hep3B cells. (C) Overexpression of miR-345 significantly increased the invasion of Hep3B cells; n=3. T-test was performed for statistical analysis. \*P\<0.05.](OR-38-02-0843-g03){#f4-or-38-02-0843}

![miR-345 prevented lung metastasis of HCC cells *in vivo*. (A) Overexpression of miR-345 reduced lung metastasis of MHCC-97H cells as indicated by H&E staining. (B) The number of metastatic nodules was significantly lower in miR-345 overexpression group. (C) Inhibition of miR-345 increased lung metastasis of Hep3B cells as indicated by H&E staining. (D) The number of metastatic nodules was significantly increased in miR-345 knockdown group. Scale bar, 100 µm; n=3. T-test was performed for statistical analysis. \*P\<0.05.](OR-38-02-0843-g04){#f5-or-38-02-0843}

![YAP1 is the downstream target of miR-345 in HCC cells. (A) Wild-type 3-UTR of YAP1 contained the binding sequences for miR-345. (B) Forced expression of miR-345 significantly reduced the luciferase activity of wild-type instead of the mutant 3-UTR of YAP1, miR-345 knockdown significantly increased the luciferase activity of wild-type instead of mutant 3-UTR of YAP1. (C) Overexpression of miR-345 reduced YAP1 level in MHCC-97H cells. (D) Knockdown of miR-345 increased YAP1 level in Hep3B cells; n=3. T-test was performed for statistical analysis. \*P\<0.05.](OR-38-02-0843-g05){#f6-or-38-02-0843}

![Overexpression of YAP1 reverses the inhibitory effects of miR-345 overexpression on HCC migration and invasion. (A) YAP1 vector significantly increased YAP1 level in MHCC-97H cells with miR-345 overexpression. (B) YAP1 overexpression reverted the inhibitory effects of miR-345 overexpression on MHCC-97H migration. (C) YAP1 overexpression reverted the inhibitory effects of miR-345 overexpression on MHCC-97H invasion; n=3. T-test was performed for statistical analysis. \*P\<0.05.](OR-38-02-0843-g06){#f7-or-38-02-0843}

![Knockdown of YAP1 abrogates the promoting effects of miR-345 inhibition on HCC migration and invasion. (A) YAP1 siRNA significantly decreased YAP1 level in Hep3B cells with miR-345 knockdown. (B) YAP1 knockdown abrogated the promoting effects of miR-345 knockdown on Hep3B migration. (C) YAP1 knockdown abrogated the promoting effects of miR-345 knockdown on Hep3B invasion. n=3. T-test was performed for statistical analysis. \*P\<0.05.](OR-38-02-0843-g07){#f8-or-38-02-0843}

###### 

The clinical features of HCC patients and the correlations between the clinical features and miR-345 expression level.

  Clinical features     No. of patients   Low miR-345 group (n=43)   High miR-345 group (n=44)   P-value
  --------------------- ----------------- -------------------------- --------------------------- ---------
  Age (years)                                                                                    
    ≤45                 30                17                         13                          0.372
    \>45                57                26                         31                          
  Sex                                                                                            
    Female              31                17                         14                          0.506
    Male                56                26                         30                          
  Tumor size (cm)                                                                                
    \<5                 38                23                         15                          0.085
    ≥5                  49                20                         29                          
  Venous infiltration                                                                            
    Absent              45                11                         34                          \<0.001
    Present             42                32                         10                          
  TNM stage                                                                                      
    I--II               50                17                         33                          0.001
    III--IV             37                26                         11                          

[^1]: Contributed equally
